Viral covert mortality disease (VCMD) has caused serious losses to shrimp aquaculture in China in recent years and the ridgetail white prawn Exopalaemon carinicauda has been suspected to be one important factor in perpetuating the high prevalence of covert mortality nodavirus (CMNV) infections due to its perennial presence in shrimp farming ponds and water from natural habitats. Experiments were carried out to determine the possibility of vertical transmission of CMNV in E. carinicauda in this study. CMNV infection in gonads, fertilized eggs and larvae was investigated by using the methods of reverse transcription nested PCR (nRT-PCR), in situ hybrization (ISH) and transmission electron microscopy (TEM). The ovarian tissue and testis tissue of artificially infected parental E. carinicauda were proved to be CMNV-positive by nRT-PCR. Fertilized eggs were also found to be CMNV-positive by nRT-PCR whether the fertilized eggs originated from the CMNVpositive female broodstock mated with the CMNV-negative male broodstock, or they originated from the CMNV-negative female broodstock mated with the CMNV-positive males. The results of ISH indicated that the positive signals were evident in the oocytes within ovarian tissue and nauplii. By TEM analysis, CMNV virions were observed in oogonia, oocytes, spermatocytes, fertilized eggs and nauplii. The presence of CMNV in fertilized eggs and larvae indicates that CMNV can transmit vertically via sperm and oocytes in E. carinicauda, which highlights the high probability of vertical transmission of CMNV in the main species of cultured shrimp and prawns.
INTRODUCTION
Recently, an emerging major disease has caused serious production losses in the main shrimp farming areas of China. The disease was called 'covert mortality disease (CMD)' by the farmers [1] [2] [3] [4] [5] . A novel RNA virus, covert mortality nodavirus (CMNV), proved to be the infectious agent of CMD [6] . So CMD was renamed as viral covert mortality disease (VCMD) academically to emphasize its viral aetiology. CMNV is a novel member of the genus Alphanodavirus and the virion is non-enveloped, spherical and about 30 nm in diameter. The deduced amino acid sequence of one fragment of the CMNV RNA-dependent RNA polymerase (RdRp) gene shared only 39 and 37 % identity with the amino acid sequences of RdRp of Macrobrachium rosenbergii nodavirus (MrNV) and Penaeus vannamei nodavirus, respectively [6] .
VCMD began to overwhelm Litopenaeus vannamei farming in southern China before 2009. In the shrimp ponds attacked by VCMD, sporadic mortality occurred almost every day and cumulative mortality of L. vannamei could be up to 80 % [6] . CMNV also caused heavy losses of yield in farmed Fenneropenaeus chinensis, Marsupenaeus japonicus and Macrobrachium rosenbergii from 2012 to 2015 in coastal provinces of China. Recently, a high prevalence of CMNV-positive cultured shrimp, determined by a nested reverse transcription PCR (nRT-PCR) method, has been reported in Thailand [7] . Meanwhile, a total of 69 shrimp samples were collected from shrimp farms in four southern provinces of Thailand and 30.4 % and 37.7 % of these 69 samples were proved to be CMNV-positive by RT-PCR, and real-time RT-PCR, respectively [8] . The results revealing the high prevalence and wide epidemic area of CMNV underline that the high risk of CMNV global transmission should be given more attention.
MrNV, a member of genus Alphanodavirus, is the pathogenic agent of white tail disease (WTD) of Macrobrachium rosenbergii [9] [10] [11] [12] . The aquatic wild insects and symbiotic crustaceans in the shrimp nursery and farming ponds have been proved to be acting as the reservoirs of MrNV [13, 14] . So, it was deduced that wild and symbiotic crustaceans in the shrimp farming ponds might also be the main reservoir hosts of CMNV and result in the perpetuation of the high prevalence of the CMNV infection. The ridgetail white prawn Exopalaemon carinicauda, one of the important symbiotic crustacean species in shrimp farming ponds, is also one of major economic species in the wild sea and estuarine environments and is naturally distributed around the coasts of the Yellow Sea and the Bohai Sea, PR China. E. carinicauda contributes to one-third of the gross outcome of the polyculture ponds in eastern China [15, 16] . Our survey on molecular epidemiology of CMNV in the aquaculture ponds of northern and eastern China indicated that the prevalence rates of CMNV among the collected E. carinicauda samples were as high as 27.27 % from 2013 to 2015. Considering the characteristic of perennial presence in shrimp farming ponds and wild marine water, E. carinicauda was suspected to be one of the important reservoir hosts/biological carriers of CMNV. Information about the mode of transmission and preservation of CMNV in E. carinicauda would be instructive for fully understanding the mechanism of transmission of CMNV in the aquacultured crustaceans. Until now, no investigation has been conducted, to our knowledge, to explore the mode of vertical transmission of the viruses in shrimp or prawn.
In the research described in this paper, experiments were carried out to determine the possibility of vertical transmission of CMNV in E. carinicauda. Broodstock of E. carinicauda were firstly infected with CMNV by intramuscular injection about one week before the broodstock mated and spawned, and then the status of CMNV infection in ovarian tissue and testis tissue, fertilized eggs and larvae was investigated by using nRT-PCR, in situ hybrization (ISH) and transmission electron microscopy (TEM).
RESULTS
Detection of CMNV in broodstock reproductive tissues, fertilized eggs and nauplii by nRT-PCR The 619 bp amplicon from the first step PCR and the 165 bp amplicon from the second step PCR were amplified by using the cDNA template from both ovarian tissues of artificially infected female E. carinicauda and testis tissues of artificially infected male E. carinicauda (Fig. 1) . The two sizes of target fragments could be produced by using cDNA templates from the fertilized eggs and nauplii originating from the CMNV-infected female broodstock of E. carinicauda mated with the CMNV-negative male broodstock of E. carinicauda (Fig. 1) . The two sizes of target fragments could also be generated by using cDNA templates from the fertilized eggs and nauplii originated from the CMNV-negative female broodstock of E. carinicauda mated with the CMNV-infected male E. carinicauda (Fig. 1) . The results of nRT-PCR indicated that ovarian tissue, testis tissue, fertilized eggs and nauplii from the artificially infected parental E. carinicauda were all positive for CMNV.
Detection of CMNV in gonads, fertilized eggs and nauplii by ISH ISH was used to determine the presence of CMNV in the gonads, fertilized eggs and nauplii from E. carinicauda experimentally infected with CMNV.
Intense hybridization signals of light purple were detected in the ovarian tissues from CMNV-infected E. carinicauda (Fig. 2a) , whereas there was no positive light purple signal in the ovarian tissues from CMNV-free E. carinicauda (Fig. 2b) . Since the ova were filled by a large amount of yolk, the intense hybridization signal was located mainly in the cytoplasm near the egg membrane. Intense positive hybridization signals could be observed in testis tissue from CMNV-infected E. carinicauda, especially in some spermatocytes with a red background of counterstaining by Nuclear Fast Red (Fig. 2d) . Meanwhile, there was no purple signal in the testis tissue from CMNV-free E. carinicauda (Fig. 2e) . Vacuolation was obvious in the haematoxylin and eosin-phloxine (H&E)-stained gonads from CMNVinfected E. carinicauda (Fig. 2c, f) .
Micrographs of in situ hybridization of fertilized eggs and nauplii showed that the positive hybridization signal was present when the CMNV RNA probe was added during the hybridization process (Figs 3a and 4a). No positive hybridization signal could be observed in ISH sections from the same sample when the CMNV RNA probe was absent during the hybridization process (Figs 3b and 4b) , by which the risk of false positives caused by self-staining and over-staining could be eliminated. Differentiated cells and tissues were distributed near the egg membrane of the H&E-stained fertilized eggs and nauplii from CMNV-infected E. carinicauda (Figs 3e, f and 4e, f).
CMNV assay by in situ hybridization revealed that eight tested fertilized eggs and seven tested nauplii were all CMNVpositive whether they originated from the CMNV-positive female broodstock mated with the CMNV-negative male broodstock, or they originated from the CMNV-negative female broodstock mated with the CMNV-positive male broodstock.
Detection of CMNV in gonads by TEM TEM was used to analyse the ultrathin sections of ovarian tissues from the CMNV-infected E. carinicauda. TEM micrographs of the ultrathin sections of ovarian tissue of CMNVinfected E. carinicauda revealed the presence of viral inclusion bodies in the oogonium, which featured a condensed web of smooth endoplasmic reticulum (Fig. 5a ). The inclusion bodies contained numerous spherical unenveloped CMNV-like particles with diameters of about 28-32 nm (Fig. 5b) . Masses of spherical unenveloped CMNV-like particles could be observed in the ovocytes of the ultrathin sections of ovarian tissue, in which there were a large number of yolk granules that transformed from mitochondria (Fig. 5c, d ).
Electron-microscopic analysis of the ultrathin sections of testis tissues from the CMNV-infected parental E. carinicauda confirmed the presence of viral particles in the male reproductive system. Similar spherical unenveloped CMNV-like particles were observed in the inclusion bodies located in the cytoplasm of spermatocytes, in which irregular endoplasmic reticulum vesicles could be observed simultaneously (Fig. 5e, f) . Detection of CMNV in fertilized eggs by TEM In ultrathin sections of the fertilized eggs originated from the CMNV-positive female E. carinicauda mated with the CMNV-negative male E. carinicauda, viral inclusion bodies with a mass of virions were surrounded by many yolk granules with dense electron staining (Fig. 6a, b) . Sporadic CMNV-like particles with an average diameter of 30 nm (n=46) could also be observed in the cytoplasm of fertilized eggs (Fig. 6c, d ). Meanwhile, similar CMNV-like particles were observed in the viral inclusion bodies of ultrathin sections of the fertilized eggs originated from the CMNVnegative female E. carinicauda mated with the CMNVpositive male E. carinicauda (Fig. 6e, f) . In particular, CMNV-like particles could be observed in all the seven tested fertilized eggs.
Detection of CMNV in nauplii by TEM Ultrathin sections of nauplii were analysed by TEM. The results indicated that a mass of distinct CMNV-like particles existed in each of the inclusion bodies in the cytoplasm of nauplii, whether the nauplii originated from CMNV-positive female broodstock mated with CMNVnegative male broodstock (Fig. 7a, b) , or from CMNVnegative female broodstock mated with CMNV-positive males (Fig. 7c, d ). Three nauplii originating from the CMNV-positive female broodstock mated with the CMNV-negative male broodstock were examined using TEM and CMNV-like particles could be observed in every nauplius. CMNV-like particles could also be observed in the two tested nauplii originating from the CMNVnegative female broodstock mated with the CMNV-positive male broodstock.
DISCUSSION
It had been more than ten years since the first VCMD outbreak in aquacultured shrimp [1, 2] . Results of epidemiological investigations indicated that CMNV had spread to most of the coastal shrimp farming provinces of China. Discovering the pathway of horizontal transmission and vertical transmission of CMNV would help to control the spread and prevalence of CMNV. Previously, it has been proved that CMNV could be orally transmitted to infect L. vannamei [6] . No study has, to our knowledge, been carried out to demonstrate the possibility of vertical transmission of the viruses in shrimp or prawns. In the present study, experiments were carried out to determine the possibility of vertical transmission of CMNV in E. carinicauda by using the methods of nRT-PCR, ISH and TEM. The ovarian tissues and testis tissues of parental E. carinicauda experimentally infected with CMNV proved to be CMNV-positive by nRT-PCR. Fertilized eggs were also found to be CMNV-positive by nRT-PCR whether they originated from CMNV-positive female broodstock mated with CMNV-negative male broodstock, or from CMNVnegative female broodstock mated with CMNV-positive males. The results of ISH indicated that the positive signals were evident in the oocytes of ovarian tissues and in the cells of nauplii. By TEM analysis, CMNV-like particles were observed in oogonia, oocytes, spermatocytes, fertilized eggs and nauplii. All the results of this investigation revealed that CMNV can be transmitted vertically via sperm and oocytes in E. carinicauda.
Experimental transmission of MrNV in three species of marine shrimp (Penaeus indicus, Penaeus japonicus and
Penaeus monodon) has been tested by using the method of RT-PCR, and the results proved the possibility of marine shrimp acting as reservoir for MrNV and maintaining its virulence in tissue systems of marine shrimp [13] . Vertical transmission of MrNV in Macrobrachium rosenbergii had been confirmed and had been thought to be the main mechanism of WTD transmission [17] . Likewise, the high prevalence rates of CMNV-positive E. carinicauda (27.27 %) detected in our previous investigation and the vertical transmission of CMNV in E. carinicauda revealed in the present study highlight that E. carinicauda, a common symbiotic crustacean species in shrimp farming ponds and an important economic species in marine waters, could be one of the main reservoir hosts of CMNV and might play a significant role in perpetuating the high prevalence of the CMNV infection. The results of nRT-PCR in this study indicated that gonads and fertilized eggs from the artificially infected parental E. carinicauda were CMNV-positive. Although this might indicate that CMNV replicated in germ cells, it is also possible that this originated from transovum transmission, such as surface contamination with sperm containing viral nucleic acids. The transmission of gill-associated virus in the black tiger prawn P. monodon is a typical example of vertical transmission by the egg-surface route [18] . The appearance of the CMNV ISH signal in the oocytes and the presence of CMNV inclusions and viral particles in the oogonia, oocytes and spermatocytes were solid evidence of CMNV replication and proliferation in the germ cells.
In particular, the presence of CMNV virions in the fertilized eggs and larvae originating from either the female or the male CMNV-positive broodstock indicated that CMNV can be vertically transmitted through the male or female parent.
In the present study, we present biological, molecular and histopathological evidence indicating vertical transmission of CMNV via sperm and oocytes. The results highlight the high probability of the risk of vertical transmission of CMNV in the other main cultured species of shrimp and prawns. So it is desirable to screen for CMNV in broodstock before spawning and in seed before stocking ponds. Additionally, stringent selection of starting offspring seed free of CMNV would be a most important measure and is essential to help reduce CMNV prevalence and dissemination.
METHODS Animals
Healthy adult individuals of E. carinicauda were collected from a commercial farm in Rizhao (Shandong Province, PR China). The average length of female individuals and male individuals was 6.15±0.78 and 4.57±0.53 cm, respectively. They were cultured in filtered aerated seawater (salinity 20 ‰, pH 8.2) at 24±0.5 C for five days before the challenge tests. The water in the sinks was changed every day. E. carinicauda were fed with chopped clams every eight hours. The individuals of E. carinicauda and the chopped clams were confirmed to be CMNV-negative by RT-PCR according to a previously reported method [6] .
Challenge test
Crude extract of CMNV was prepared according to the methods described in our previous report [6] . Every individual in the CMNV-infection group received an injection of 10 µl filtered crude extract of CMNV in the lateral area of the fourth abdominal segment. E. carinicauda individuals that were at gonad development stage II were chosen for the challenge study and the standard of gonad development stages used was referred to in a previous report [19] . A total of 15 female individuals and 15 male individuals of E. carinicauda were infected with the filtered crude extracts of CMNV, and fed separately in independent sinks for use as the female CMNV-infection group and male CMNV-infection group, respectively. Another 15 female and 15 male individuals of E. carinicauda were separately fed in two independent sinks and used as CMNV-free parental groups. Four days later, the gonads (ovarian tissues and testis tissues) of three E. carinicauda individuals were collected from the female CMNV-infection group and the male CMNVinfection group, respectively. Seven days after virus infection, ten male individuals with mature gonads from the CMNV-free parental group were chosen and put into the sink containing the female CMNV-infection group, and ten female individuals with mature gonads from the CMNVfree parental group were chosen and put into the sink containing the male CMNV-infection group. Three female individuals from the female CMNV-infection group were mated within four hours and were moved to a new independent sink for spawning and hatching. Four female individuals from the CMNV-free parental group were mated with the individuals from the male CMNV-infection group within four hours and the four female individuals were moved to a new independent sink for further spawning and hatching. Fertilized eggs and nauplii were collected after spawning. All the samples collected were divided into three parts and preserved in RNAstore Reagent (TianGen), Davidson's alcohol formalin acetic acid (AFA) solution and 2.5 % glutaraldehyde solution for further analysis by molecular detection, histopathology and TEM, respectively.
RNA extraction and purification
Total RNA was extracted from the samples preserved in RNAlater solution by using the QIAamp viral RNA kit (Qiagen) according to the manufacturer's protocol. The RNA samples were analysed using 1 % agarose gel electrophoresis and a spectrophotometer.
Detection of CMNV by nRT-PCR
The extracted RNA was initially denatured at 65 C for 5 min and then cooled on ice for 2 min. The denatured RNA was then reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen) at 50 C for 60 min and then denatured at 70 C for 15 min. The cDNA was used for nested PCR amplification of the target fragment of the CMNV RNA-dependent RNA polymerase (RdRp) gene (GenBank accession number KM112247) according to the method of Zhang et al. [6] . The CMNV target fragments of 619 bp and 165 bp were amplified by the first and second step of the PCR, respectively.
Histopathological sections
Samples of the ovarian tissue and testis tissue, fertilized eggs and larvae were treated with AFA Davidson's fixative, administered by injection, for 24 h, and then changed to 70 % ethanol. Five slides with paraffin-embedded sections were prepared for each sample and one slide of each sample was stained with haematoxylin and eosin-phloxine (H&E) according to the routine histological procedures described in previous reports [20, 21] . The H&E-stained sections were checked and the corresponding unstained sections were chosen for in situ RNA hybridization.
Probe preparation
To synthesize RNA probes for in situ RNA hybridization, a pair of primers (Table 1) were designed and synthesized. A 244 bp DNA fragment of the RdRp gene was amplified and inserted into the pBluescript II SK+ vector. The recombinant vector was linearized with HindIII and PstI and used as a template for transcription with T3 and T7 RNA polymerase for antisense and sense probes, respectively. DIG-NTP was used to mark the RNA probes.
In situ RNA hybridization For in situ RNA hybridization analysis, the samples were dehydrated in an ascending gradient of ethanol and embedded in paraffin wax, and 3 µm sections were cut. In situ RNA hybridizations were performed according to the protocols described in previous reports [22, 23] by using three replicate samples. Counterstaining of the sections post ISH was conducted by using the Nuclear Fast Red solution (Sigma-Aldrich). The sections were examined and photographed with an Eclipse E80i microscope (Nikon).
Transmission electron microscopy
The samples preserved in 2.5 % glutaraldehyde in 0.1 M PBS (pH 7.4) were fixed with 1 % osmium tetroxide for 2 h, and then embedded in Spurr's resin and stained with uranyl acetate and lead citrate following protocols reported by Graham and Orenstein [24] and Panphut et al. [25] . Ultrathin sections were prepared on collodion-coated grids by the Equipment Center of the Medical College of Table 1 . Primers used for synthesis of the CMNV RNA probe
The sequence 'CTGCAG' highlighted with a grey background indicates the recognition site of restriction enzyme PstI. The sequence 'AAGCTT' highlighted with a grey background indicates the recognition site of restriction enzyme HindIII. The underlined sequences 'CTA' and 'CAG' are protective nucleotides for the recognition sites of restriction enzymes. Qingdao University (PR China). All grids were examined using a JEM-1200 electron microscope (JEOL) operating at 80-100 kV.
